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ABSTRACT - Ultrasonic metal welding is often used as a rapid and effective technique for QeR;reli(\:,:E HIS:TO?gm Mar. 2024
joining sheet metals without causing them to melt. Precise management of the welding Revised  :  19M June 2024
process parameters is crucial for achieving excellent joint quality. However, modeling the Accepted  : 20t Aug. 2024
behavior of the weld material and the welding process is still very challenging. This study Published :  30% Sept. 2024
aimed to create 3D finite element models that accurately simulate the ultrasonic metal welding

process. The proposed material model integrates frictional heat and ultrasonic softening, as KEYWORDS

well as the cyclic plasticity model. A friction law incorporating a variable friction coefficient is Aluminium

examined to investigate surface impacts. This coefficient is influenced by contact pressure, Finite element model

slippage, temperature, and the number of cycles. The findings of this study demonstrate that Li-ion battery

the oscillation frequency significantly influences both the temperature fluctuation and the Ultrasonic welding

extent of the heat-affected zone. Increased frequencies lead to accelerated temperature Modelling

fluctuations and expanded heat-affected. Furthermore, ultrasonic welding combined with
preheating led to a much wider heat-affected zone than ultrasonic welding without heating.
The minimum preheating temperature required for ultrasonic welding of aluminum is 150 °C.
This model can predict the relative displacement between welded plates. Assessing the
oscillations that arise during the ultrasonic welding process is beneficial in selecting suitable
welding settings to prevent excessive heating. This aids engineers in choosing appropriate
welding parameters to avoid excessive heat generation during ultrasonic welding, hence
limiting the reduction in tensile strength of the weld. Consequently, it can decrease the
expense of the experimental methodology.

1. INTRODUCTION

The growing demand for eco-friendly fuels is fueling a substantial shift in the hybrid and electric automobile industry
[1]. These vehicles obtain the required capacity by using lithium-ion battery packs. Battery packs sometimes consist of
several individual battery cells, and aluminum is often used for connections in battery manufacturing owing to its
remarkable electrical and thermal conductivities. Conventional fusion welding methods to connect thin materials present
challenges because of the frequent presence of fragile intermetallic compounds at the junction interface. Consequently,
the manufactured joint lost its strength. Solid-state welding techniques, such as ultrasonic welding, minimize heat
generation during the welding process and enable the formation of connections at temperatures below the material's
melting point. Consequently, the probability of intermetallic compound formation was significantly reduced. Therefore,
ultrasonic welding techniques are widely used in the automotive industry to connect battery terminals. Ultrasonic welding
(USW) is a technique that uses both constant pressure and high-frequency vibrations simultaneously to join metal sheets,
creating a bond without melting the components. This method produces welds without melting and applies to welding
comparable or dissimilar materials. Moreover, they offer the benefits of low energy use and do not require additional
chemicals [2]. The microstructure quality at the weld interface in USW depends on the level of heat production and plastic
deformation. Choosing the correct process parameters significantly affects the quality. Previous studies have shown that
the amalgamation of frictional heating, intense plastic deformation, and localized melting may create solid-state bonds
between different metals. Frictional heat and heat from plastic deformation are often considered the main factors
contributing to weld formation. To fully comprehend the welding process, the temperature distribution, heat production,
and level of plastic deformation must be analyzed since fluctuations in input parameters affect the energy transferred to
the weld spot.

Experimental methods have recently been widely used to study ultrasonic metal welding (UMW) processing
principles. Tsujino et al. [3] studied using upper and lower welding electrodes to connect an aluminum alloy plate and
stainless steel. The technology reportedly functions with a power output of around 50 kilowatts to join together panels
that are 6 mm thick. Watanable et al. [4] investigated the ultrasonic welding technique of mild steel plate with an Al-Mg
plate in their investigation. This study revealed that the tensile strength of the weld decreased as the welding time and
pressure increased. Kong et al. [5-7] conducted ultrasonic welding of two distinct aluminum alloys, AA 6061 and AA
3003. This research demonstrates that the hardness close to the weld contact is greater than that at a distance from the
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weld interface. The variation in the hardness values is attributed to two factors: the frictional influence on the contact
surface of the weld and the acoustic softening that occurs in the material during the welding process. The research
conducted in [8] aimed to investigate the relationship between the duration of the welding process and the interface
temperature and joint strength of Al-Cu welds. It has been shown that it is important to use higher vibration amplitudes
and shorter welding durations to achieve sufficient strength. Regarding AA6061 aluminum, the research done by Yang
et al. [9] showed that the duration of the welding process directly affects the welds' shear strength. As the duration of the
welding process increased, the shear strength increased until it reached a certain threshold, beyond which it began to
decrease. Cheng and Li [10] investigated the process of ultrasonic metal welding using a microsensor array positioned
between a copper alloy and nickel substrate. They specifically focused on analyzing heat production and temperature
changes throughout welding. Balz et al. [11] implemented sensor signals to oversee the ultrasonic metal-welding
manufacturing of lithium-ion batteries. These signals are strongly correlated with the quality of joints produced under
various production settings. The findings of this investigation demonstrate that using low welding temperatures and
inducing plastic deformation results in ultrasonic welds of superior quality. In contrast, high temperatures and significant
plastic deformation result in welds of poor quality. Zhao et al. [12] experimented to assess the impact of welding energy
on Al-Cu ultrasonic welds at different levels of ultrasonic energy. When the welding energy decreased, only a few welds
were visible at joint contact. Splicing fails at a relatively modest demand owing to the connection loss. Elangovan et al.
[13] found that the duration of ultrasonic welding of copper has the most significant influence on the strength of the joint,
with the welding amplitude and pressure being of lesser importance.

Several researchers are interested in conducting computer simulation studies on ultrasonic welding, in addition to
experimental investigations, to address the limitations of the experimental studies. Process modeling and simulation play
a vital role in designing and enhancing the UMW process by establishing a connection between the process parameters
and the features and performance of the weld. Models may offer valuable insights into the design of a knurl shape by
demonstrating how it affects the contact and friction behavior while forming a joint. A connection was discovered between
the weld's process parameters, features, and efficiency. Nevertheless, major obstacles impede the development of
computationally effective models for the UMW process. The first is to simulate the significant interactions between the
mechanical, thermal, and metallurgical domains. Materials experience nonlinear hardening and mostly friction-induced
thermal softening during the UMW process under 20 kHz cyclic loading, impacting heat production. When subjected to
ultrasonic loading, materials often experience substantial acoustic softening, resulting in decreased flow stress during
operation. Acoustic softening is a natural phenomenon resulting in dislocation annihilation and subgrain growth. Siddiq
and Ghassemieh [14] conducted a thermomechanical analysis of the ultrasonic welding of aluminum alloys. The
suggested cyclic plastic model, including the thermal and acoustic relaxation factors, considers the influence of both
volumetric and surface effects. Elangovan [13] experimented using copper plates with different thicknesses. The findings
obtained from the experiment were further verified by finite element analysis (FEA). In contrast to the usual parabolic
pattern in temperature measurements, the projected temperature has a linear correlation with time. Jedrasiak et al. [15]
created a mathematical model using finite element analysis to simulate the ultrasonic welding process. The model
specifically focused on welding aluminum 6111 with magnesium AZ31 and low-carbon steel DC04. The second difficulty
involves modeling the dynamic weld production process and capturing the detailed material reaction while considering
the boundaries of the 3D geometry of the UMW welder tools and high-frequency vibration loading. Lee et al. [16] used
2D modeling to perform finite element simulations of the UMW pin tab. An investigation was conducted on the influence
of horn geometry on the distribution of plastic deformation in the specimen. Chen and Zhang [17] conducted a numerical
study of ultrasonic welding to ascertain the impact of horns on samples. Their study demonstrated stress, plastic
deformation, and compression-direction deformation due to vibration. Li et al. [18] created a 3D thermomechanical finite
element model for different materials (aluminum and copper) in a two-layer lap-welding setup. They included material
softening and high convection boundary conditions in their simulation but did not explicitly describe the ultrasonic
vibration of the horn. Presently, the primary emphasis of simulations is directed toward investigating the impact of the
horn shape on the plastic deformation and stress of the weld [16 - 18]. There is a lack of research on the movement of
welded plates, which might be used to forecast overheating in ultrasonic welding.

To remain competitive with other battery production processes, such as laser welding and resistance welding, and to
fully exploit the benefits of ultrasonic metal welding, it is essential to have in-depth knowledge of the process mechanics
and its effects. Most previous research has been concentrated on laboratory studies that examine the impact of ultrasonic
welding settings. The process parameters are typically established through an iterative process of experimentation and
refinement. Currently, there is a limited theoretical understanding and explanation of the factors that contribute to the
success of the process in certain situations, as well as the reasons for its failure in other cases. Moreover, there has been
a lack of sufficient study on the preheating of welded components before the ultrasonic welding procedure. Furthermore,
we may examine the relative displacement of the joined plates by employing simulation data, thereby eliminating the
need for expensive measuring devices commonly used in experimental processes. Analyzing the relative motion of plates
might help predict when overheating may happen in ultrasonic welding, leading to a decrease in the weld's tensile strength.
However, the existing process models described in the literature have not yet addressed the challenge of accurately
calculating the movement between welded plates.

This research aims to analyze the vibration characteristics of the UMW process using numerical simulation
approaches, considering different production settings. This study utilizes Abaqus/CAE 2017 software to construct a
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complete 3D model incorporating a thermomechanical multiphysics simulation model. The model encompasses
oscillatory motion, friction, and heat generation during ultrasonic welding between two aluminum plates measuring 0.08
mm thick. This study employed friction models that consider the dependence on temperature and pressure rather than
assuming a constant friction coefficient. The finite model in this study also incorporates a kinematic friction model that
considers the influence of surface effects in the ultrasonic welding process and a material model based on cyclic plasticity
theory to account for phenomena occurring inside the bulk material. This study examines the relative motion of aluminum
panels using a 3D model. Analyzing the observed relative movements can provide insight into the predicted condition of
the ultrasonic welded joint. In particular, the welding method with local pre-heating increases the heat-affected area and
creates a uniform heat distribution, thereby increasing the reliability of the ultrasonic weld. Ultimately, the simulation
findings obtained from this work may be used to identify the most appropriate welding process settings, hence reducing
the need for trial and error testing.

2. MATERIALS AND METHODS

Ultrasonic welding forms a connection by utilizing the ultrasonic vibration energy on the welding material. This
procedure involves the application of a force in the direction perpendicular to the surface of the workpiece, resulting in
compressive loading. In addition, cyclic loading was applied in the tangential direction. The outcome of these two motions
is heat production due to friction and an elevation in the temperature at the point of contact. Therefore, this procedure is
regarded as a linked thermomechanical issue. The concept of ultrasonic welding is illustrated in Figure 1. The ultrasonic
welding procedure comprised two main stages: clamping and vibration. A clamping force was applied perpendicular to
the front surface of the knurl. Knurl can move vertically, whereas the anvil remains stationary in every direction. The
vibrations induce friction in the materials, increasing the contact surface temperature. The rapid heat generation due to
friction creates the necessary circumstances for the materials to adhere to each other. This paper presents a simulation
analysis of ultrasonic welding of aluminum alloys (AA) 6060/6061. This aluminum alloy is frequently utilized because
of its thermal and mechanical qualities, which make it highly adaptable. AA 6060/6061 is widely used in several
industries, including aerospace, marine, automotive, and electrical/electronic, because of its excellent strength, surface
polish, weldability, and workability.
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Figure 1. Ultrasonic welding process: (a) clamping and (b) vibration

This study examined the USW process using a FEA model. Unlike the modeling strategy used in conventional fusion
welding techniques, such as arc welding or laser welding, heat transport analysis must be conducted concurrently.
Concurrent with the mechanical analysis, ultrasonic welding produces heat due to frictional action at different interfaces
and the spread of plastic deformation in the sheet material. Hence, it is crucial to consider the ultrasonic welding process
as a mechanical-thermal issue. The model must explicitly include vibrations of the knurl, deformation of the plate, and
heat transmission. This study used a 3D model with two analytical steps: clamping and knurl vibration. A temperature
forecasting model was constructed that incorporates fluctuations in temperature and pressure, considering the effects of
friction. Frictional heat is generated when mechanical friction occurs at the sliding contact because of localized shear
stresses.

2.1 Mechanical Model

2.1.1 Isothermal cyclic plasticity model

The mechanical aspects of ultrasonic welding include repetitive sideways movement and pressure used to hold the
workpieces together. Chaboche [19] presented a brief overview of a constitutive model suitable for evaluating the
malleability of metals under repeated loads. The underlying assumption is that the total rate of deformation, & can be
decomposed into its individual components:

¢ =g 4 et (1)
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The terms €% and P! represent the elastic and plastic components of the overall strain rate. The following model may
represent the elastic behavior at every given stage of the simulation:

o=D¢:¢ 2)
The 4th-order elasticity tensor is denoted as D, whereas the 2nd-order stress and strain tensors are represented by ¢ and
&, respectively. The operator ":" in Eq. (2) denotes the scalar product, which may be expressed in the Einstein notation as
a: b= aupbp,. Here, a and b are tensors, while o and f are indices representing components of both tensors. The yield
function, often known as the criteria, is expressed as:

F=lo—o|—(5,—R) =0 G)

The term a represents the reverse stress tensor, gy represents the initial yield stress, and R represents the term associated
with isotropic strain hardening. The plastic behavior during deformation is provided.

oF
dePl = dA— “4)
do

where dA is the plasticity multiplier that satisfies the following Kuhn-Tucker consistency condition:
F<0,dA>0,dlLF=0 )

Isotropic hardening, R quantifies the expansion of the yield surface and is theoretically represented as an exponential
function of the accumulated plastic strain. Isotropic hardening is affected by past plastic strain [20-23]:

R=0(1-e?e") (©)

where Q and b are material parameters in which Q is the maximum change in the size of the yield surface, and b is the
rate at which the size of the yield surface changes with the plastic strain and £P*.

The nonlinear isotropic/kinematic hardening rule mentioned above necessitates the determination of parameters (Q,
b, C) based on cyclic stress-strain data, thermal softening data, and acoustic (ultrasonic) softening data. The isothermal
material parameters (Q, b, C, y) are listed in Table 1 [14].

Table 1. Identified nonlinear isotropic/kinematic hardening parameter

O (MPa) b C (GPa) Y
100 20 15 60

2.1.2  Cyclic plasticity model with thermal softening

Several metals that undergo aging have a significant influence on the temperature path history [25]. The current
analysis adopted the thermomechanical term from the hardening model proposed by Johnson and Cook [26]. The
incorporation of this thermomechanical coupling term is simple. The revised nonlinear isotropic hardening law is
expressed as:

Ro=0Q(1-e?)(1 -T2 ™
The material parameter is denoted as m, whereas the non-dimensional temperature is represented by T, as

L T-T)

=1 8
TOO (Tm - Tl) ( )

T represents the transition temperature below which the yield stress does not vary, whereas T,, corresponds to the
temperature at which melting occurs.

2.1.3  Cyeclic plasticity model with thermal and ultrasonic softening

Acoustic softening, also known as ultrasonic softening, refers to a reduction in the plastic limit of a material when
subjected to strong ultrasonic vibrations. Exploration of acoustic softening has been ongoing for several decades. A
phenomenological factor that caused a decrease in hardness was added to the equations for isotropic and kinematic
hardening. This term depends on the amount of ultrasonic energy per unit of time. The temperature-dependent initial yield
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of aluminum alloy Al 6061 was determined using an experimental fit utilizing data from experiments [14, 26]. The
experimental temperature-dependent initial yielding was best represented by the fit given in Figure 2 [14, 27]. Figure 3
shows the relationship between the initial yield stress obtained via experimentation and simulation and the ultrasonic
energy density per unit of time. These figures demonstrate a high level of agreement.
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Figure 2. Temperature-dependent initial yielding [27] Figure 3. Influence of the rate of ultrasonic energy

application on the onset of yielding [27]

2.2 Thermal Model

This study considered materials' thermal and mechanical properties that change with temperature. The empirical data
on the correlation between the thermal coefficients and temperature were converted into equations to improve the
accuracy of the simulation results. The thermal concerns of the workpiece in ultrasonic welding require meticulous
attention because of the significant heat generated from the friction between the workpieces. To address this issue, it is
necessary to solve the conduction and mechanical constitutive equations. The conduction equation is as follows:

pc(T) 3—: =-V.(-k(TVT)+S ©)

The symbols p, T, and (T) denote the material's density, specific heat, and thermal conductivity, respectively. In this
inquiry, the quantity S in Eq. (9) represents the volumetric heat production; however, it is not considered.

The main source of heat generation in the ultrasonic welding process is the dissipation of frictional heat caused by the
rubbing of adjacent workpieces. Therefore, to analyze the thermal properties of the workpieces in this process, it is
essential to use models that include both friction and heat dissipation resulting from friction. The Coulomb friction model
was used in this study. The dissipation of heat due to friction, denoted as q/”, may be determined when there is relative
motion between the two workpieces:

. 10
T =n.us (10)

The variable i denotes the fraction of heat dissipation caused by friction, ranging from 0 to 1. The symbol s depicts the
velocity change rate in the sliding motion, while x is used to express the friction coefficient. The parameter 1 is not
explicitly known but may be implicitly deduced from experimental data. The ultrasonic welding process requires the
consideration of a thermal factor called gap conductance, which generates a temperature discontinuity between two
workpieces in contact with each other. The word “gap conductance,” represented by the symbol k, is precisely defined
as:

q? = k. AT (11)

The variable g9 indicates the heat transfer between the two surfaces of the workpieces in contact, whereas AT represents
the difference in temperature between these two surfaces. The gap conductance, as inferred from their experimental
findings, relates to a particular contact configuration and surface irregularities [28]:

G=to 12
=5 (12)
The symbol k,, represents the heat conductivity of the gas present between the two workpieces. The effective gap distance,
denoted by f, is governed by surface roughness and clamping pressure. Therefore, the gap conductance can be
approximately calculated using this equation, assuming the effective gap distance and thermal conductivity of air. Their

findings suggest that G = 1 when the gas pressure is at atmospheric levels.
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2.3 Friction Model

The friction model is essential for generating heat during ultrasonic welding, particularly in the initial stage. The
traditional Coulomb model determined the friction force acting on the contact surfaces [29]. The friction model presented
in this study is based on the correlation between the coefficient of friction and many factors, including the number of
cycles N, temperature 7, and parameters a and b, which are contingent upon the magnitude of the slip and contact pressure,
as presented in Eq. (13) [30].

to = Hs + ps(alog log (N) +b) (13)

The coefficient of friction positively correlates with the number of cycles, gradually increasing until it reaches a certain
threshold, at which point it stabilizes and remains constant. The friction behavior was analyzed using a straightforward
logarithmic correlation. The friction coefficients, denoted by @ and b, are contingent on the slip amplitude and contact
pressure. Conversely, ug represents the initial static coefficient of friction, and N signifies the number of cycles. The
values of variables a and b were determined using different levels of contact pressure and displacement amplitudes [31].
Zhang et al. [29] examined temperature and friction coefficient correlations. Empirical evidence indicates that the
coefficient of friction exhibits an upward trend with increasing temperature until it reaches a certain threshold, beyond
which it decreases. The impact of temperature on this phenomenon was considered by including an additional fourth-
degree polynomial as a function that varies with temperature. The modified coefficient is given by:

U= @.T*+q.T3>+7r.T?+s.T+1t) (14

The additional friction parameters p, g, r, s, t were identified using the experimental results as p =8.485E-10, ¢ = -
8.842E-7, r = 1.969E-4, s =9.762E-3, t = 1.12 [14]. The existing friction subroutine was enhanced by incorporating Eqs.
(13) and (14), respectively. This was achieved by substituting the constant coefficient of friction with temperature-
dependent, contact pressure-dependent, vibration-dependent, and cycle-dependent friction coefficients. Tables 2 and 3
provide information on aluminum and steel's thermal and mechanical properties, respectively.

Table 2. Thermal and mechanical properties of AA 6060/6061

Thermal Properties Elastic Properties

Thermal conductivity (W m'K™") 235 Young’s modulus (GPa) 66.24
Thermal expansion coefficient (°C') ~ 23x10°¢ Poisson’s ratio 0.33
Specific heat (J kg''K™") 896 Yield stress (MPa) 50
Density (kg m) 2700

Table 3. Thermal and mechanical properties of steel (for knurl and anvil)

Thermal Properties Elastic Properties

Thermal conductivity (W m'K-") 80 Young’s modulus (GPa) 200
Thermal expansion coefficient (°C") 11x106 Poisson’s ratio 0.27
Specific heat (J kg''K™) 440

Density (kg m™) 7800

24 Validation Method

To assess the reliability of the finite element model, this article compares the results obtained from welding process
simulation with experimental studies published in recent years.

3.  RESULTS AND DISCUSSION

An Abaqus/Explicit program was used to develop a 3D thermomechanical coupling model to study the
thermomechanical coupling effect in ultrasonic welding. The suggested model can interact with the input parameters
related to the temperature distributions, energy, and material displacement in the ultrasonic welding process. During
ultrasonic welding, the horn tip may undergo perpendicular vibrations to the plates despite efforts to minimize these
vibrations through the design of the horn tips. Furthermore, the texture of the sheet is rough. However, this finite element
model assumes the sheets are perfectly flat and free from vibrations perpendicular to the horns' motion. Furthermore, the
model considers the prescribed displacement boundary conditions, accounting for any undesired displacements resulting
from the constraints of the physical mounting apparatus in real-life situations.

3.1 Model Geometry

Figure 4 illustrates a standard configuration for ultrasonic metal welding. The welding configuration has three primary
elements: sheet metal, an anvil, and a knurl affixed to the ultrasonic welding unit. The knurl vibrates in a direction that is
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perpendicular to the rolling welding direction. The knurl in this variant has dimensions of 10 mm X 10 mm X 12 mm,
whereas the anvil has dimensions of 120 mm x 45 mm x 12 mm. Knurls and anvils both have flat surfaces. The aluminum
sheets had a thickness of 0.08 mm with a specified size of 120 mm x 45 mm.

Fressure

<nurl

Figure 4. Finite element model

3.2 Mesh

In this welding process simulation, we treated the knurl and anvil as rigid bodies and meshed them with a size of 0.4
mm, resulting in 768 and 67500 elements, respectively. We divided the workpiece's upper and lower parts into two
partitions: a refinement region and a coarse region. We meshed the refinement region, measuring 8 x 0.8 x 45 mm, with
4600 elements, using a mesh size of 0.4 mm in the Ux and Uy directions and 0.4 mm in the Uy direction. Greater
refinement results in more elements and increased accuracy, leading to longer computation times. We also meshed the
coarse region, measuring 117 x 0.8 x 45 mm, with 18860 elements, using a mesh size of 0.5 mm in the Ux and Uz
directions and the same value in the Uy direction as the refinement region. The Abaqus 8-node brick element, namely the
C3D8RT element with reduced integration and hourglass control, was utilized. This element is suitable for coupled
thermal-mechanical analyses, where temperature distribution and structural deformations need to be considered. The
Arbitrary Lagrangian-Eulerian (ALE) adaptive mesh feature of Abaqus is utilized for sheets and the interconnect to
mitigate any numerical challenges arising from significant mesh distortion. The Arbitrary Eulerian-Lagrangian re-
meshing approach aims to enhance the deformation zone in simulations, hence preventing divergence caused by localized
excessive deformation.

3.3 Step

The Abaqus/Explicit solver was chosen for the high-fidelity model of the highly dynamic thermomechanically coupled
UMW process. The model faithfully simulates the ultrasonic welding process, which consists of two stages, clamping
and sonotrode vibration, and correctly represents real-world circumstances. The initial stage involves applying the
displacement of the horn to replicate the trigger force, which then applies compressive pressure to clamp the two
workpieces together. The second stage begins with the vibration of the horn.

3.4 Boundary Conditions

The boundary and loading settings for the clamping and welding processes simulations are shown in Figure 4. During
the clamping stage, the movement of the edge nodes of the sheets was restricted in the ultrasonic welding direction.
Specifically, the displacements in the Ux and Uz directions were confined to zero, whereas that in the Uy direction was
not restricted. The knurl displacement was restricted to the same direction, and for the rotational displacement on the XY
plane, the . value remained constant at 0. The movement of the anvil is completely restricted, the same as during the real
experiments. In practice, these boundary conditions are achieved using specialized fixtures.

The sonotrode tip is subjected to pressure and uniformly distributed throughout its top surface. Practically, this
pressure corresponds to the clamping pressure determined by the clamping load of the ultrasonic welding machine and
the dimensions of the actual tool employed. The clamping force was represented by a time-dependent function that
progressively increased from zero to the required magnitude. The transition took place within 2.5 milliseconds using
Abaqus's smooth step amplitude. The simulation used clamping pressures of 50 MPa, 75 MPa, and 100 MPa. The
clamping force was selected to prevent excessive plastic deformation owing to the constraints of the linked kinematic
isotropic hardening model. When vibration has begun, the tip oscillates horizontally in the Ux-direction. The tip is limited
to moving in horizontal and vertical dimensions and is prevented from rotating. All the workpieces were subjected to a
gravitational acceleration of 9.81 ms™. The entire model was subjected to a specified room temperature of 24 °C as the
beginning temperature.
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The clamping process was initially simulated under predetermined parameters. The results obtained from the clamping
step were subsequently employed as the beginning parameters for the welding phase. During the initial stage of the
welding phase simulation, variations were noted in the boundary and loading conditions. The displacement limits of the
sheet nodes were removed. The knurl displacement constraint in the Ux-direction is substituted with a cyclic displacement
condition, expressed as u(f) = uo.sin(2nft). This equation accurately represents the motion of a horn during welding. In
the clamping step simulation, the clamping pressure remained constant throughout the welding process. Table 4 lists the
boundary conditions and loads of the components in both phases of ultrasonic welding.

Table 4. Boundary conditions and loads

Elements Step 1 Step 2
Load  Displacement Load Displacement
Upper sheet Uy Free Ux Free, Uy Free
Lower sheet Uy Free Ux Free, Uy Free
Knurl Pressure Uy Free Pressure  u(f) = uosin(2nft), Uy Free
Anvil Fixed Fixed

3.5 Interactions

Two types of contacts were used in the 3D finite model. The first contact included two surface pairs: the top surface
of the outermost sheet contacting the tip pair's lower surface and the sheet's lower surface contacting the higher surface
of the anvil pair. The tool surface was designated the master surface to prevent unforeseen penetration. The workpieces
were in contact via kinematic surface-to-surface contact. Heat conduction, represented by x, between the components,
was considered, with a conductance value of 235 W m! K-!. Heat conduction facilitates the uninterrupted movement of
heat from one component to another. A consistent friction coefficient was established using Eq. (14). In the current
studies, all the unfixed edges, except for the contact surfaces shown in Figure 4, in the model are subjected to free
convection. The convection coefficient is set at 30 W m' K> and the ambient temperature is 24 °C.

3.6 Temperature Distribution in the Model

Figure 5 illustrates the thermal distribution observed during ultrasonic welding using a 20 um amplitude, knurl
vibration frequency of 20 kHz, and clamping pressure of 100 MPa at 0.01 s, 0.02 s, and 0.03 s. The temperature
distribution was measured using a Celsius temperature scale. The temperature in the aluminum plates exhibited a rapid
increase, with a rise of approximately 200 °C occurring at approximately 0.01 seconds.

NT11 NT11 —
+5.448e+02 +5.448402 t_O . 02 S

+4.540e+01
+0.000e+00

an»,s 448e+02 t:O 03 S

+0.000e+00

Figure 5. Temperature distribution at times of 0.01 s, 0.02 s and 0.03 s

These findings indicate that the duration of ultrasonic welding for materials with high heat conductivity, such as
aluminium, is very short. Based on the simulation findings shown in Figure 5, it can be inferred that there is a direct
correlation between the temperature increase and the duration of the welding operation. The modeling results are
consistent with the experimental findings of Bakavos et al. [31], indicating that the temperature of the weld contact rapidly
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reaches its peak value in under 1 second. Then, the temperature quickly declined due to the low input energy and good
heat conductivity of the AA6061.

3.7 Stress Distribution in the Model

Ultrasonic welding subjects the base metal sheets to clamping force, high vibration frequency, and a temperature field
that is not evenly distributed. Consequently, tension is generated at the welded connection. Figure 6 shows images of the
simulations illustrating the von Mises stress and comparable plastic strains in the work materials during the UMW process.
These images were taken after 0.03 seconds of welding. The tension reached its center at the knurl, resulting in the largest
plastic deformation, as shown in Figure 6(a), and the maximum von Mises stress is 4.264 x 108 Nm™. The simulation
findings indicate that the stress at the weld surface increases when the clamping force rises. Furthermore, the highest
stress is observed within the centre of the sonotrode tip. This has also been tested by De Vries investigation [32].
Figure 6(b) shows that the plastic strain in the vibration direction was compressive, whereas the tensile strain was on the
other side. This suggests that the knurl pattern exerted pressure on one side of the tab and relieved the pressure on the
opposite side during each oscillation cycle. This was corroborated by the investigation conducted by Shen et al. [33],
wherein they conducted simulations of the multi-layer metal ultrasonic welding process.
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Figure 6. Contours for von Mises stress and plastic strain

Figure 7 illustrates the comparison of the deformation characteristics of the lower sheet with the plastic strain in the
direction perpendicular to the plane after a welding period of 0.03 s. In direct contact with the vibrating horn, the upper
tab had the most significant compressive plastic deformation, characterized by both tensile and compressive plastic strain
of 1.92 x 102, as shown in Figure 6(b). The plastic deformation progressively decreased in the bottom tab with the strain
of 8.136 x 1073, as shown in Figure 7. This change rule is similar to the one employed in research [34]. The findings
obtained from the clamping stage are shown in Figure 8. The displacement in the thickness direction exhibits viable
values, considering the deformation value of -2.384 x 10 m at the center of the horn. Consequently, using ultrasonic
vibration in the next step increased the temperature of the welded components. The pressure and vibration from the horn
cause the temperature to rise, resulting in the expansion of the material. This expansion is directly proportional to
temperature.

Figure 7. Plastic strain in the out-of-plane direction
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3.8 Validation

This study conducted ultrasonic welding experiments using a frequency of 20 kHz, an amplitude of 20 um, and a
clamping pressure of 100 MPa, equivalent to a pressure of 5.5 bar applied to the ultrasonic welding machine. The
experiment utilized ultrasonic welding equipment manufactured by UTHE Co. Ltd, a Japanese manufacturer, as shown
in Figure 9(a). Figure 9(b) displays an infrared thermal imaging that records the temperature of the weld region after the
horn has returned to its initial position. Figure 9(c) depicts the sample that has been welded successfully. The temperature
measured in Figure 9(b) is an unreliable indication of the temperature during the ultrasonic welding operation. This is
because the welding process is very short, and the infrared camera used to monitor the temperature is not fast enough to
catch the temperature at the exact instant it occurs. So, this thermal imaging only illustrates the temperature concentration
in the welding area during the ultrasonic welding process. The welded sample was successfully welded, as presented in
Figure 9(c). The tensile strength of the welded conjunction was determined using experimental testing, which involved
evaluating the outcomes of three welded samples. The mean achieved tensile strength was 84.7 MPa.
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Figure 9. (a) Ultrasonic welding equipment, (b) Infrared thermal image, and (c) Welded joint

To verify our simulation model's precision, we directly compared the simulation results obtained in this work and the
experimental findings done by Watanabe et al. [34]. The authors also investigated the application of ultrasonic welding
on Al 6061 aluminium. The welding tip utilized in the experiment had dimensions of 10 mm x 10 mm, similar to those
employed in our investigation. The frequency of oscillation used in [34] is 15 kHz. The temperature is measured at the
periphery of the weld on the side of the specimen that is in contact with the anvil. To optimize computational efficiency,
the simulation is limited to 0.03 seconds. The comparison results are presented in Figure 10.
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Figure 10. The comparison between the experiment [34] and the FEM temperature history

Watanabe conducted research in which the temperature was continuously monitored for 1.5 seconds. The comparison
results strongly resemble the simulated results obtained in this work and the experimental data presented in reference
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[34]. In the experiment conducted in reference [34], the rate of temperature change throughout the comparison time of
0.03 s was marginally lower than the values obtained from the simulation. The discrepancy can be attributed to the
utilization of a lower oscillation frequency of 15 kHz in contrast to the simulation, which employed a frequency of 20
kHz. Hence, the findings unequivocally validated the precision of the simulation model employed in this study. Therefore,
the finite element model employed in this work may be utilized to investigate the ultrasonic welding process further. This
section details the welding zone as a basis for designing the ultrasonic welding process for aluminium materials. The
parameters of the ultrasonic welding process used in these simulations were 20 kHz, 20 um, and 100 MPa.

3.9 Temperature in the Welding Area

Figure 11 displays the temperature records at positions 1, 2, 3, and 4 on the upper plate in the region where the plate
comes into contact with the horn. The temperature at position 3 reached a maximum value of 516 °C. Despite being
located near the central point of the horn, position 2 experienced a relatively modest temperature of approximately 426
°C. This phenomenon may be due to the increased temperature in the welding area during the ultrasonic welding process,
which causes the material to expand, exerting pressure on a specific part of the upper plate and ensuring continuous
contact with the tip horn. Consequently, any movement between the horn tip and upper plate is minimal.
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Figure 11. History of temperature variations at locations on the upper sheet
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Figure 12. Upper and lower plate temperatures

The heat source detected at this location on the top plate is a passive heat source. The primary source of heat production
occurred at position 3, which corresponded to the contact point between the two plates. The heat source diffused across
the metal plates and transmitted thermal energy to locations 2, 4, and 1. It is evident that the temperatures at positions 1
and 4 exhibit a high degree of similarity, indicating that the heat at these sites is derived from heat transfer occurring at
position 3. During the clamping phase, from the start to 2.5 ms, the temperature almost did not increase, but when starting
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the ultrasonic welding phase, the temperature increased very quickly. The temperature at position 3 reached a weldable
temperature of 500 °C after 0.025 s. The temperature at position 3 increased quickly, whereas the temperature at position
4 increased insignificantly. Thus, the area of material that reaches the welding temperature for the connection is not the
entire area in contact with the horn tip. Hence, the contact surface area between the horn and plate does not need to be
large. Additional research also indicates that, on average, the temperature at the center of the weld interface is 50-130 °C
greater than the temperature at the weld edge for different lengths, and the temperature difference between the weld
interface and the top surface of aluminium sheet is about 58 °C along the vertical direction of time during welding [35,
36]. Figure 12 shows the temperatures recorded at locations 3 and 4 on top and lower aluminium plates. The data shown
in Figure 12 indicate that the temperatures at these locations were comparable. This may be explained by the fact that
heat energy transfer remains constant when ultrasonic welding is performed on two similar materials.

3.10 Displacement of Upper Plate and Horn

Plastic deformation is necessary to guarantee the joining of the top plate and the horn. Figure 13 displays the predicted
displacement of position 2 on both the top plate and the horn tip. The findings indicate that at position 2, the point of
contact between the horn and the top plate and the displacements of both the horn and the upper plate are perfectly aligned.
This demonstrates consistent and reliable contact between the horn tip and the surface of the metal plate. During the
clamping period, under the impact of 100 MPa of pressure on the horn tip, the displacement at position 2 is -2 pm. When
entering the ultrasonic welding stage, this displacement increased to -4 um. However, the temperature increased rapidly
during this stage, causing the material to expand, so the displacement increased in the opposite direction. This material
expansion causes the upper plate to contact the horn tip. Elevated temperatures induce thermal expansion and softening
of the material, thereby promoting the penetration of the horn into the upper plate, resulting in an enhanced connection
between the horn and the upper plate.
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Figure 13. Displacement according to Uy of the top plate and horn

Consequently, transferring vibrational energy to the top sample was more efficient. Therefore, there is an increased
relative movement between the two plates because of the substantial vibrational energy transmitted from the tip of the
horn. In contrast, when the temperature of the top plate exceeded the critical temperature, there was a gradual decrease in
the bond strength between the upper plate and the horn tip. This is due to the softening of the material, which results in a
reduction of the bond. Finally, the connection was not sufficiently strong to effectively transmit the excitation force from
the horn. Consequently, the relative motion (sliding) between the horn and the upper plate progressively intensifies as the
welding process approaches its final stage. Therefore, for the ultrasonic welding process to be efficient, providing a secure
connection between the horn and the top plate is necessary. This allows for the most effective transmission of vibration
energy from the horn to the aluminium plates. If there is a significant increase in the slippage of the horn towards the
conclusion of the procedure, it indicates that the top layer has undergone excessive softening. The horn tip was
occasionally textured with knurling to prevent potential slippage between the horn and the top plate. This simulation result
aligns with the discoveries made by Shen et al. [33]. Shen's research shows apparent differences in the vertical movement
of the horn when it vibrates at varying amplitudes. In the first stage, the curves depicting the motion of the horn tip with
different amplitudes are nearly indistinguishable. Here, the different magnitudes of the amplitudes do not seem to impact
the vertical movement of the horn. The curves start to deviate only when the horn reaches its maximum theoretical
penetration depth, around 300 um. The vertical displacement of the horn is maximized when the amplitude parameters
are set to their maximum levels.
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3.11 Displacement According to the Ux (Vibration) Direction of the Plates

The mobility of interfaces in the vibration direction is crucial for creating welds during ultrasonic welding. Increased
relative motion may enhance the development of frictional heat and expedite the removal of surface impurities, thereby
accelerating weld formation. Figure 14 depicts the displacement of the upper and lower plates at position 3 in the Ux
direction, with amplitudes of 20 pm, 22 um, and 25 pm, corresponding to a frequency of 25 kHz and a pressing pressure
of 100 MPa. This direction allowed the aluminium plates to move unrestrictedly throughout the ultrasonic welding
process. The two axes along which the components inside the aluminium panels have unrestricted movement are the Uz-
and Uy-axes. The ultrasonic welding process may be categorized into three distinct stages [36]. During the first welding
phase, the upper aluminium sheet experiences vibrations caused by the sonotrode point and slippage. In contrast, the
bottom aluminium sheet stays stationary, resulting in a significant relative movement between the top and bottom sheets.
During the second welding stage, the movement is limited due to the production of welded regions at the interface. Still,
relative motion exists between the sonotrode tip and the top sheet. During the third step of welding, as the temperature of
the welding interaction rises, both the top and bottom aluminium sheets undergo plastic deformation. The formation of
welded regions occurs during the initial welding stage, expands during the subsequent welding stage, and the joint strength
achieves its peak value in the final welding step. The third stage is a crucial phase in which the welded region experiences
significant growth and expansion. This advancement is advantageous as it improves the resilience of the joint and
transforms the connection between two surfaces into a central contact. Excessive welding energy leads to stage 4, causing
a rapid drop in the velocity of both the top and bottom sheets. Simultaneously, sonotrode tip sticking (adhesion between
the sonotrode tip and the top sheet) and weld zone thinning destroy the welded portions during stage 3, thus influencing
the strength of the joint.
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Figure 14. Displacement according to the Ux of the plate in amplitude

The rules governing the relative motion of the plates, as derived from our research, exhibit similarities to the previous
states in [36]. As shown in Figure 14, during the clamping stage, the displacement of the aluminium plates remained
constant, and there was no displacement. However, at the beginning of the welding process, the plates underwent a rapidly
increasing displacement owing to the vibration of the horn tip. The top plate experienced a more rapid increase in
displacement compared to the lower plate due to the direct reception of vibrations at the horn. The top plate experienced
displacement at a higher velocity than the lower plate. Figure 14 shows a relative motion between the two aluminium
plates at position 3. The lower plate does not move during a time of less than 0.015 s, while the upper plate moves
according to the horn tip's vibration. This step represents the first stage of the ultrasonic welding process. Heat formation
was caused by the sliding action between the two metal plates, resulting in friction. Hence, the heat generated during the
ultrasonic welding procedure originated from position 3, the central contact point between the two plates. After 0.015
seconds, the bottom plate begins motion. Nevertheless, there remains a state of relative sliding between the two plates.
This step is the second phase of the ultrasonic welding process, during which the formation of the weld happens. Phase 3
follows shortly after, as the temperature of the welding region rises.

The increased amplitude of oscillation leads to a corresponding increase in the movement speed of the plates,
significantly affecting the movement of the upper plate, which receives energy directly from the horn tip. During the first
phase of the ultrasonic welding process, the velocity of the motion of the plates did not exhibit a substantial disparity.
However, the velocity exhibited a distinct change after a time interval of 0.015 s. As the welding process concluded, the
plates' velocity increased. This phenomenon may be attributed to the inverse relationship between the temperature of the
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plates and the friction coefficient. The friction coefficient decreased as the temperature increased, facilitating plate
movement.

Figure 14 depicts the simulation results indicating that stage 4 of the ultrasonic welding process has occurred for
oscillation amplitudes of 25 um and 22 pm, accompanied by an oscillation frequency of 20 kHz. The displacement of the
upper welded plate gradually decreases while that of the lower plate increases. As reference [36] stated, excessive heat
reduces the weld joint's hardness. Consequently, this causes a decrease in the bond between the horn tip and the upper
plate while increasing the bond between the horn tip and the lower plate. This is due to the thinning of the bond at the
weld caused by overheating. This drop occurs after 0.025 s for 25 um amplitude and after 0.03 s for 22 um amplitude. An
evaluation of the cycles in the ultrasonic welding process will assist in choosing appropriate welding parameters to avoid
excessive heating. This discovery may be used to determine the optimal frequency, pressure, amplitude, and welding time
for ultrasonic welding to prevent excessive heating that could reduce the tensile strength of the weld. This is advantageous
since it eliminates the need to use expensive measuring equipment to determine the movement of the welded plates, hence
reducing research costs.
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Figure 15. Stick-slip displacement of the plate when the oscillation frequency is low

Displacement, UX {(um)

Xy .
—— Upper-50 MPa —— Lower-50 MPa e oYY —
—'— Upper-75 MPa —— Lower-75 MPa
—— Upper-100 MPa —J1— Lower-100 MPa

-60 — 77—
0.000 0.005 0.010 0.015 0.020 0.025 0.030  0.035
Time (s)

Figure 16. Displacement, according to Ux depends on pressure

The plates exhibited an unrestricted backward movement while the horn tip oscillated around its balance point. This
occurs because the plates have greater inertia than the contact force from the horn tip, resulting in plates sliding in the
direction of the least resistance. When the oscillation frequency of the horn head was high, the displacement of the upper
and lower plates was in the same direction, and no oscillations appeared. In contrast, when the oscillation frequency of
the horn tip was sufficiently low, the top plate exhibited a stick-slip motion, as shown in Figure 15. At a frequency of 15
kHz, the upper sheet exhibited stick-slip motion with an oscillation amplitude of approximately 40 pm, whereas the horn
oscillated with an amplitude of 25 pm. Simultaneously, the lower plate vibrates in phase with the upper plate with an
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amplitude of approximately 10 um. Hence, it is advisable to ensure that the oscillation frequency of the horn in ultrasonic
welding is sufficiently high to avoid the occurrence of stick-slip motion in aluminium plates, which might lead to
oscillations in the clamping components during the welding process. The pressure also significantly affected the plates'
displacement, causing relatively large movements between the plates and increasing the heat source. The results in Figure
16 show that with a small pressure, specifically 50 MPa, the displacement of the upper plate changes very little during
the ultrasonic welding process. When the pressure increased to 75 and 100 MPa, the displacement of the plates increased
correspondingly. The simulation findings depicted in Figure 16 indicate that stage 4 of the welding cycle occurred at
pressures of 100 MPa and 75 MPa.

3.12 The Influence of Input Parameters of the Ultrasonic Welding Process

3.12.1 Influence of amplitude

The study indicated that even small fluctuations in horn vibration amplitude, typically within a range of a few
micrometers, substantially influence the temperature and joint strength attained during the welding process. The
temperature fluctuation at point 3 of the lower plate is shown in Figure 17. The oscillation amplitudes used were 20 pm
and 25 pum, with an oscillation frequency of 25 kHz and pressure of 100 MPa. Despite the 5 um amplitude difference, the
temperatures achieved in these two situations vary dramatically. The rate of temperature escalation is greater at larger
amplitudes than at smaller amplitudes. At the conclusion of the oscillation, the temperature reached a peak of
approximately 700 °C when the amplitude was 25 um, which was much greater than the temperature of 500 °C when the
amplitude was 20 um. As the temperature rises to approximately 700 °C, the material's yield strength diminishes, and
softening of the material may be seen with changes in its microstructure, such as grain coarsening. The recrystallization
temperature of aluminium varies between 425 and 650 °C, depending on the degree of deformation [31].
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Figure 17. Effect of amplitude on temperature
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At an amplitude of 25 pum, the temperature reached this range within approximately 0.025 s after the welding period
began. As the stimulation amplitude increased, the overall motion throughout the entire friction system, including all
contact surfaces, likewise increased. Consequently, welders with larger set amplitudes had more friction, resulting in a
greater increase in temperature. Welds executed with large amplitudes exhibited the most rapid increase in temperature,
particularly when the welding process reached its conclusion. Research conducted in [33] has also demonstrated that even
little alterations in the magnitude of horn vibration, within a range of a few micrometers, substantially influence the
temperatures and bonding strength attained during the welding process. The magnitude of vibration dictates the heat
produced due to friction throughout the operation, determining the temperatures attained inside the welding region.
Nevertheless, the magnitude of the amplitude had little impact on the width of the heat-affected region, as shown in Figure
18. Modifying the amplitude impacts the pace at which the heat rises and the maximum temperature while having little
influence on the width of the heat-affected zone.

3.12.2 Effect of frequency

Figure 19 shows the simulation results of the lower plate's temperature change at point 3. The oscillation frequencies
used were 15 kHz and 20 kHz. The oscillation amplitude was 25 um, and the clamping force was 100 MPa. The findings
indicate that when the oscillation frequency increases, the rate of temperature change increases proportionally.
Specifically, when the frequency of oscillation increased, there was a notable increase in the size of the heat-affected
zone, as shown in Figure 20. The size of the heat-affected zone expanded in direct proportion to the oscillation frequency.
This phenomenon occurred because of the direct relationship between the increase in the oscillation frequency of the horn
and the corresponding increase in the movement speed of the plates. Consequently, this leads to the expansion of the heat-
affected region.
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Figure 19. Effect of frequency on temperature Figure 20. Effect of frequency on the width of the heat-

affected zone

3.12.3 Effect of clamping pressure

The temperature gradient remained somewhat consistent as the clamping force increased from 75 to 100 MPa, as
shown by the simulation results depicted in Figure 21. Therefore, augmenting the clamping force would not be favorable
for the rapid ultrasonic welding procedure. Regarding the oscillation amplitude, the pushing force only enhances the
temperature growth rate without affecting the width of the welding region, as shown in Figure 22. Hence, the pressure
parameters, amplitude, and oscillation frequency significantly affect the temperature development during the ultrasonic
welding process. An amplitude variation of only a few micrometers causes the temperature growth rate to fluctuate
substantially. The pressure force has little influence on the input parameters of the ultrasonic welding process. The applied
force must be of a sufficient magnitude to guarantee the transfer of the vibrational energy of the knurl to the plates. The
oscillation frequency is a crucial input parameter significantly affecting the temperature increase rate and the welding
zone's breadth. The primary reason for bond-to-bond deformation differences and the main contributor to unreliable bonds
is the occurrence of low-frequency motion [2]. Designing an ultrasonic welding process with high oscillation frequency,
appropriate oscillation amplitude, and minimal clamping force is advisable.
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3.13 Ultrasonic Welding Process with Preheating

This section proposes a localized preheating method to improve the process stability and evaluates the influence of
the preheating temperature on the welding process and performance using computational analysis. Localized preheating
was conducted using the specialized equipment shown in Figure 23, focusing only on preheating the busbar. In practice,
a type-K thermocouple is connected to a busbar located outside the welding area to monitor the temperature. The busbar
is uniformly heated on the heating plate to a temperature 15-25 °C higher than the intended preheating temperature.

2 sheets

Figure 23. Geometry and mesh of the finite element model of preheating

Figures 24 and 25 show the simulated temperature distributions for the two preheating scenarios of 100 °C and
150 °C, respectively, and the surrounding environment at the conclusion of the 0.03-second welding duration. The highest
temperature was consistently observed near the center of the weld and at the tabs in all instances. These findings align
with prior simulations that used material characteristics comparable to the existing literature. The temperature distribution
results between the two cases of heating the 100 °C busbar plate and without heating were not significantly different, as
shown in Figure 24. The highest temperature and width of the heat-affected zone in both cases were similar. However, a
significant difference was observed when the preheating temperature was increased to 150 °C, as shown in Figure 25. The
results presented in Figure 25 show that the width of the heat-affected zone increased. In particular, the region with
temperatures above 600 °C is expanded significantly when ultrasonic welding was performed with preheating.
Specifically, the diameter of the material area with a temperature above 600 °C when preheating was 6 mm compared to
that when ultrasonic welding without preheating was 5 mm. This indicated that the hardness of the preheated ultrasonic
weld also increased. The findings indicate that preheating results in a more even temperature distribution throughout the
workpiece and expands the heat-affected zone. The simulation findings achieved in this work assume that the welded
plates possess a completely level surface. Evidence from experiments strongly shows that the surface of these panels is
uneven. The heat generated during the ultrasonic welding process is heavily influenced by the contact parameters of the
two surfaces of the welded pieces. Hence, a comprehensive investigation of ultrasonic welding that considers the surface
roughness of the plates is quite beneficial.
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preheating

Figure 25. Width of heat affected zone of 150 °C
preheating

3.14 Analysis of Mesh Sensitivity

The mesh size significantly impacts the accuracy of predictions, especially when the numerical model involves plastic
deformation. In the case of ultrasonic welding, the weld piece located close to the tip of the sonotrode experiences a
notable concentration of stress, leading to a substantial indentation as the temperature rises. In this study, we examine the
impact of mesh size. The model only simulated a 0.01 s episode since the whole welding process is computationally
expensive. We investigated five models with varying minimum mesh sizes ranging from 200 pm to 600 pm. Within this
set of models, the sonotrode meshes remain consistent as the tool material exhibits purely elastic behavior. The study
analyzed five models with varying minimum mesh sizes ranging from 200 to 600 um. The details may be seen in
Table 5.

Table 5. The computational expense associated with a 0.1 s

Model No. 1 2 3 4 5
Min. element size (um) 600 500 400 300 200
Stable time increment (s)  4.437x10%  4.024x10®  3.048x10®  2.703x10®  1.985x10°®
Number of increments 225,371 248,507 288,289 369,938 503,865
Computation time (s) 15,060 19,620 52,680 68,340 139,860
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Figure 26. Instantaneous temperature at the midpoint of the faying contact

The results depicted in Figure 26 indicate that Model-1 and Model-2, which employ a mesh size greater than 400 um,
provide temperature profiles that significantly deviate from those produced using lower meshes. The results of Model-3,
with a parameter value of 400 um, display several inconsistencies in the initial stage. Nevertheless, the forecasts generally
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correspond to those of Model 4 and Model 5. According to the temperature data obtained from the simulations, a minimum
mesh size of 400 um is required to effectively investigate thermomechanical behaviour variations during all USW process
phases.

4. CONCLUSIONS

The 3D numerical simulation approach proposed in this study is currently the most effective and all-encompassing
option for modelling intricate materials in the UMW process while offering scientific comprehension and technical
instruction. The outcomes of shortened USW simulations, conducted with a restricted welding duration, indicate that:

i) A detailed 3D thermal-mechanical model has been developed for the ultrasonic welding process of Al 6061. This
model considers heat generation in gaps, acoustic softening, a mesh size smaller than 400 um, and a variable friction
coefficient.

ii) The numerical model was verified using the temperature contour from a reference study.

iii) The pressure parameters, amplitude, and oscillation frequency in ultrasonic welding significantly influence the
temperature increase throughout the operation. A small change in amplitude, of only a few micrometers, can lead to
significant fluctuations in the rate of temperature increase. The pressure minimally affects the input parameters of
the ultrasonic welding process. The force exerted must be chosen at a level that ensures the transmission of the
vibrational energy of the knurl to the plates. The oscillation frequency is a critical input parameter that has a
considerable impact on both the pace of temperature increase and the width of the welding zone.

iv) Ultrasonic welding with preheating resulted in a much larger heat-affected area than ultrasonic welding without
heating. The preheating temperature for ultrasonic welding of aluminum should exceed 150 °C. A certain threshold
of joining temperatures and plastic deformation is necessary to achieve a good level of joint quality. Conversely, high
temperatures or plastic deformation might diminish the strength once again.

v) The simulation model predicts the displacement of the welded plates to determine the optimal frequency, pressure,
amplitude, and welding time for ultrasonic welding to avoid excessive heating, which can reduce the tensile strength
of the welded joint. This is advantageous since the approach eliminates the need for costly measurement equipment
to detect the welded plates' motion, reducing research expenses.

vi) To prevent stick-slip motions of the welding plates during the ultrasonic welding process, the oscillation frequency
of the horn tip must be more than 15 kHz.

In the future, 3D modelling can expedite the advancement of welding processes and reduce resources by conducting
simulations that explore different process parameters within certain limits. Correlations can be established between the
quality of the weld and models that incorporate the material's dynamic behavior, temperature distribution, or thermal
history. Research on the impact of surface roughness on the thermal generating process in ultrasonic welding might be of
interest.
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